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METHOD AND SYSTEM FOR
PERFORMANCE MONITOR FOR DIGITAL
OPTICAL DWDM NETWORKS

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 60/911,848, filed Apr. 13, 2007, commonly

assigned, icorporated by reference herein for all purposes.

This application 1s also related to U.S. patent application Ser.
No. 11/857,990 filed Sep. 19, 2007, commonly assigned,
incorporated by reference herein for all purposes.

STATEMENT AS TO RIGHTS TO INVENTIONS
MADE UNDER FEDERALLY SPONSORED
RESEARCH OR DEVELOPMEN'T

Not Applicable

REFERENCE TO A “SEQUENCE LISTING,” A
TABLE, OR A COMPUTER PROGRAM LISTING
APPENDIX SUBMITTED ON A COMPACT DISK

Not Applicable

BACKGROUND OF THE INVENTION

The present invention relates 1 general to telecommuni-
cation technmques. More particularly, the invention provides a
system and method for cost-effective digital performance
monitoring (PM) of DWDM networks. Merely as an
example, the mvention has been applied to digital pertor-
mance monitoring of fully OEO regenerating DWDM net-
works based on integrated DWDM {transmitter receiver
arrays, but 1t should be recognized that the invention has a
broader range of applicability.

Dense wavelength division multiplexing (DWDM), since
its deployment 1n 1990s, has become a driving force for the
rapid growth of various traific 1n the long haul, regional, as
well as metro area networks. Recent convergence of video,
voice, and data, and the explosion of new applications such as
video podcasting and peer-to-peer {ile sharing pose signifi-
cant challenges to DWDM engineers to meet the dynamic
wavelength demands for user services. For example, the tra-
ditional DWDM networks are based on Erbium Doped Fiber
Amplifiers (EDFAs), Dispersion Compensating Modules
(DCMs), and fixed optical add-drop multiplexers (OADMs)
and often unable to provision unplanned wavelength services.
Supporting a new service 1n a current DWDM network often
translates to the extended downtime of the network, increas-
ing significantly service provider’s operation expenses. To
accommodate the changes due to service demands and traific
growth, 1t 1s often desirable for service providers to simplity
their DWDM networks and move towards more efficient and
flexible network managements while still maintaining high
levels of reliability. Thus, it 1s desirable for new DWDM
networks to meet basic requirements, such as simplicity, tlex-
ibility, robustness and bandwidth utilization efficiency.

Reconfigurable optical add-drop multiplexers (ROADM)
1s one of the promising optical solutions developed recently to
meet the rapid increase of wavelength-service demands. With
ROADM, service providers can dynamically provision the
networks, adding new services and/or reallocating unused
capacity. However, ROADM ofiten has addressed only the
tflexibility aspect of the DW DM networks, leaving unresolved
other 1ssues such as simplicity, robustness, and bandwidth
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utilization efficiency. In some cases, ROADM actually can
complicate these 1ssues. For example, i1n a ROADM-based
ring network for metro applications, dynamic provisioning
with ROADM often requires sophisticated optical power
management algorithms with pre-knowledge of the new con-
figuration to be able to re-evaluate parameters such as OSNR
and mix-n-match penalty. Any change in network configura-
tion with ROADM usually result 1n a performance change of
every link 1n the network due to shared nature of EDFAs.
Adding a new node can further complicate the ROADM-
based networks and usually requires re-engineering because
of, for example, inadequate OSNR.

On the other hand, recent development of integrated
DWDM transmitter/receiver oflers a potential solution to the
next generation DWDM networks. For example, the arrayed
DWDM LR transmitters/receivers may allow optical signals
of different wavelengths to be first converted to electrical
signals at every node regardless of their final destinations and
reconverted back to optical signals, 1f not to be dropped, for
transmission over fiber to the downstream node. This full
regeneration approach in principle can eliminate Erbium
Doped Fiber Amplifiers (EDFAs) and Dispersion Compen-
sating Modules (DCMs) and hence the optical power man-
agement, simplifying considerably the DWDM networks. In
addition, with the use of a high-speed NxN electrical switch
in the line card, one can configure the node to become etiec-
tively an enhanced ROADM node that offers signal regenera-
tion and ROADM functions simultaneously. Furthermore,
bandwidth efficiency and robustness (excluding fiber cut)
often can be realized by using 1:N shared protection of tran-
sponder arrays. Studies show that with 1:12 protection re-
generation using arrayed transponders can have better reli-
ability than an EDFA.

But the integrated DWDM transmitter/receiver arrays,
although promising from the performance point of view, are
costly as a replacement for EDFAs and/or ROADM. It 1s
usually not economically viable unless the cost of two such
array units (which makes a re-generation/ROADM node)
becomes less than that of an EDFA plus an ROADM. For
example, the monolithic integration on InP can not meet this
cost target. Even with recently proposed low-cost hybrid inte-
gration, the use of arrayed transponders to replace an EDFA
and ROADM 1s still too costly to justily 1ts deployment 1n
many applications. For example, the associated electronic
components such as FEC chips are the cost bottleneck.

Hence 1t 1s highly desirable to improve techniques for
DWDM systems.

BRIEF SUMMARY OF THE INVENTION

The present mvention relates 1n general to telecommuni-
cation techniques. More particularly, the invention provides a
system and method for cost-effective digital performance
monitoring (PM) of DWDM networks. Merely as an
example, the mvention has been applied to digital perfor-
mance monitoring of fully OEO regenerating DWDM net-
works based on integrated DWDM {transmitter receiver
arrays, but 1t should be recognized that the invention has a
broader range of applicability.

According to an embodiment, the present invention pro-
vides a system for performance monitoring for a DWDM
network. The system includes a first photonic integrated
device configured to recerve a first optical signal and output a
first plurality of electrical signals for a first plurality of chan-
nels respectively. The first plurality of channels correspond-
ing to a first plurality of wavelength ranges associated with
the first optical signal. The system also includes a first clock
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and data recovery device configured to receive the first plu-
rality of electric signals and retime the first plurality of elec-
tric signals. Additionally, the system includes a first switch
device coupled to the first clock and data recovery device
without an error correction device coupled between the first
clock and error recovery device and the first switch device. A
first interface 1n the first switch device 1s configured to output
a second plurality of electrical signals, and a second interface
in the first switch device 1s configured to add or drop one or
more channel devices. The system further includes an output
port 1n the first switch device configured to provide informa-
tion associated with one of the first plurality of channels. An
error detection device 1s coupled to the output port and 1s
configured to monitor and report performance of the one of
the first plurality of channels.

In a specific embodiment, the output port 1s configured to
provide a replica of one of the first plurality of channels. In an
embodiment, the error detection device includes a forward
error correction decoder. In another embodiment, system fur-
ther includes a second switch device coupled to the output
port and the error detection device, the second switch device
being configured to select one of the first plurality of chan-
nels. In an embodiment, the error detection device monitors
the error rate of the channel continuously and allows a corre-
sponding line-side recerver to adjust 1ts decision threshold for
a lowest bit error rate. In a specific embodiment, the bit error
rate (BER) of each channel 1s monitored periodically via time
division multiplexing. In a specific embodiment, the error
detection device monitors the first plurality of channels
sequentially, with each of the first plurality of channels being
monitored for a time period of 2 OTU2 frames. In another
embodiment, the system also includes a processor coupled to
the switch and the error detection device. The processor 1s
coniigured to 1ssue 1nstructions to the switch regarding chan-
nel selection and the time duration for monitoring.

In a specific embodiment of the system, the first photonic
integrated device includes an arrayed waveguide grating
device configured to recerve the first optical signal, demulti-
plex the first optical signal, and generate a plurality of optical
signals corresponding to the first plurality of wavelength
ranges and a plurality of transponders configured to receive
the plurality of optical signals respectively and convert the
plurality of optical signals into the first plurality of electrical
signals respectively. In an embodiment, the first clock and
data recovery device 1s further configured to recover a clock
signal for each of the first plurality of electric signals and
retime each of the first plurality of electric signals based on at
least information associated with the clock signal.

According to an alternative embodiment of the invention, a
method 1s provided for performance monitoring fora DWDM
network. The method includes recerving a first optical signal
and outputting a first plurality of electrical signals for a first
plurality of channels respectively. The first plurality of chan-
nels corresponding to a first plurality of wavelength ranges
associated with the first optical signal. The method also
includes receiving the first plurality of electric signals and
recovering clock and data timing information associated with
the first plurality of electric signals. The method further
includes providing the recovered information associated with
the first plurality of electric signals to a first cross-point
switch device without error correction. The first cross-point
switch includes a first interface configured to output a second
plurality of electrical signals to another system. The first
cross-point switch also includes a second interface config-
ured to add or drop one or more channel devices. Addition-
ally, the method also includes causing the cross-point switch
device to provide information associated with one of the first
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plurality of electrical signals. A error detection device 1s used
to recerwve to information associated with one of the first
plurality of electrical signals and to monitor and report per-
formance of one of the first plurality of channels.

In a specific embodiment of the method, a photonic inte-
grated device 1s used for receiving the first optical signal and
outputting the first plurality of electrical signals. In an
embodiment, a first clock and data recovery device 1s used for
receiving the first plurality of electric signals and recovering
clock and data information associated with the first plurality
of electric signals. In an embodiment, the error detection
device comprises a forward error correction decoder. In a
specific embodiment, the first cross-point switch includes an
output port configured to provide a replica of one of the
clectrical signals. In another embodiment the first cross-point
switch device also includes a second switch device, which 1s
configured to select one of the first plurality of channels for
performance monitoring. In an embodiment, the error detec-
tion device monitors the error rate of the channel continu-
ously and allows the corresponding line-side receiver can
adjust its decision threshold for a lowest bit error rate.

In an embodiment of the method, the bit error rate (BER ) of
cach channel 1s momtored periodically via time division mul-
tiplexing. In a specific embodiment, the error detection device
monitors the first plurality of channels sequentially, each of
the channels being monitored for a time period of 2 OTU2
frames. In another embodiment, the method also includes
using a processor coupled to the cross-point switch device
and to the error detection device to provide instructions
regarding channel selection and the time duration for moni-
toring.

Many benefits are achieved by way of the present invention
over conventional techniques. For example, according to an
embodiment of the ivention, techniques are provided for a
simple, low-cost solution to digital performance monitoring,
of multi-channel 3R regeneration unit, opening up the possi-
bility of commercializing DOADX for metro/regional trans-
port networks. In an embodiment, the bring-up mode pro-
vides a means to optimize line-side interfaces for improved
link budget. Therefore, no mix-n-match penalty needs to be
considered 1n network engineering. In a specific embodiment,
the troubleshooting mode provides a hardware platiform for
implementing shared protection in case of performance deg-
radation due to span/hardware failures. Such a protection
mechanism can lead to a considerable increase in network
bandwidth utilization. According to embodiments of the
invention, implementation of these techniques 1n conjunction
with a cross-point switch, such as 1n the case of the DOADX,
requires only minimal additional hardware, such as a single
FEC decoder per PID per direction. In an embodiment, net-
work upgrade including the addition/removal of services

(channels) requires little extra hardware for digital PM. In
another embodiment, networks built with the current inven-
tion can be configured for plug-n-play with no/limited net-
work engineering. Additional power consumption from the
digital PM (1.e., a single FEC decoder) 1s low, on the order of
a few watts. Moreover, direct measurement of bit error rate
(BER) also provides higher reliability. Compared to optical
PM devices such as an optical spectral analyzer, embodi-
ments of the current invention have advantages in cost, com-
pactness, power consumption as well as reliability.

Depending upon embodiment, one or more of these ben-
efits may be achieved. These benefits and various additional
objects, features and advantages of the present invention can
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be fully appreciated with reference to the detailed description
and accompanying drawings that follow.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a simplified diagram illustrating a system for
DWDM line card according an embodiment of the present
invention;

FIG. 2 1s a simplified diagram 1llustrating a performance
monitoring system for digital optical add-drop cross-connect
(DOADX) node according an embodiment of the present
invention.

FIG. 3 1s a simplified diagram 1llustrating a performance
monitoring system for digital optical add-drop cross-connect
(DOADX) node according another embodiment of the
present invention.

FIG. 4 1s a simplified diagram 1llustrating a method for
monitoring channel performance using a digital optical add-
drop cross-connect (DOADX) node according to an embodi-
ment of the present invention; and

FIG. 5 15 a simplified diagram illustrating a digital perfor-
mance monitor (PM) system according an alternative
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates 1n general to telecommuni-
cation technmiques. More particularly, the invention provides a
system and method for cost-effective digital performance
monitoring (PM) of DWDM networks. Merely as an
example, the invention has been applied to digital perfor-
mance monitoring of fully OEO regenerating DWDM net-
works based on integrated DWDM {transmitter receiver
arrays, but 1t should be recognized that the invention has a
broader range of applicability.

Recent efforts 1in the photonic integrated circuits (PIC) or
photonic integrated devices (PID) technologies have opened
the possibilities of building new optical networks that are
simpler, more flexible, more robust, and more bandwidth
elficient to support rapid changes 1n service demands and
traffic growth. Networks built with these technologies will
have no/limited optical power management, enable auto-
mated end-to-end service provisioning and topology discov-
ery, and offer shared wavelength protection for efficient
equipment/bandwidth utilization. These features are increas-
ingly demanded by network operators.

However, conventional techniques for configuring a regen-
eration node have many limitations. For example, in some
convention systems, part of the system 1s exposed to uncor-
rected errors. Errors from transmission over high-speed back-
plane and poor jitter performance of the switches can accu-
mulate from node to node, degrading the overall transmission
performance. Other convention systems may provide more
extensive error correction capabilities, but these system tend
to have substantially higher deployment cost.

In conventional reconfigurable optical add-drop multi-
plexer/optical cross-connect (ROADM/OXC) networks, the
re-configurability introduces additional complexity in the
network management and engineering. Sophisticated algo-
rithms for optical power management with pre-knowledge of
the new configuration are needed for dynamic provisioning to
rapidly evaluate link performance for every channel. Any
change 1n configuration will result in changes of optical sig-
nal-to-noise ratio (OSNR) and mix-n-match penalty due to
the shared nature of EDFAs as well as the different transmit-
ter/recerver pair performance. Addition/removal of a new
node will further complicate the ROADM based networks
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6

and often requires re-engineering as a result of madequate
OSNR and link budget for example.

In all-optical networks where conventional ROADMs are
deployed, performance monitoring of intermediate segments
using for example optical spectral analyzer may be present to
detect power and OSNR of each channel. However, service
providers often don’t use such a monitoring feature in metro/
regional networks due to 1ts high capital expenses.

Hence 1t 1s highly desirable to improve techniques for
integrated reconfigurable DWDM systems.

According to an embodiment of the present invention, a
tully regenerating DWDM networks can be built on multi-
function line-cards including arrayed DWDM transponders
based on either PIC or PID technology. The networks with
proper configurations offer features such as reconfigurable
optical add-drop multiplexer (ROADM), optical cross con-
nect (OXC) as well as 3R (re-amplitying, re-shaping, and
re-timing) regeneration for pass-through traffic as shown in
FIG. 1. Each OEO node 1n the networks becomes a fully
regenerating ROADM/OXC node. With clock and data recov-
ery (CDR) circuits at both input and output of its O/E 1nter-
faces, 1t 1s also a multi-channel, multi-degree 3R regeneration
unit. Therefore, each node 1s effectively a digital optical add-
drop cross-connect (DOADX).

FIG. 1 1s a simplified diagram 1llustrating a system for
DWDM line card according an embodiment of the present
invention. This diagram 1s merely an example, which should
not unduly limit the scope of the claims. One of ordinary skall
in the art would recognize many variations, alternatives, and
modifications. In the specific example of FIG. 1, system 100
can be used as a digital optical add-drop cross-connect
(DOADX) node. As shown, system 100 illustrates an
approach to configuring a regeneration/ROADM node using
two 12-channel line cards, 110 and 120, as an example. Line
card 110 includes a photonic integrated device (PID) 112, a
clock and data recovery (CDR) device 114, a switch 116, a
first interface 117, and a second interface 118. Similarly, line
card 120 includes a photonic integrated device (PID) 122, a
clock and data recovery (CDR) device 124, a switch 126, a
first interface 127, and a second interface 128.

In a specific embodiment, photonic integrated device 112
has 12 DWDM transponders wavelength multiplexed/demul-
tiplexed by an AWG. In this approach, 10 G optical signals of
different wavelengths from an upstream node, e.g. from the
West as shown 1n FIG. 1, are first converted 1n parallel to
clectrical signals by the PID. The clock and data recovery
circuit 114 1s used to recover the clock in the received optical
data in each channel and retime the data for its continued
transmission along the link. The 12 channels are then directed
to either the tributary for add/drop via interface 118, or
through backplane connection via interface 117 to interface
127 of another line card 120. The line card 120 recovers the
clock and retimes the data in CDR 124, and uses PID 122 to
convert the electrical signals back to optical signals for trans-
mission over fiber to the downstream node, e.g. 1n the East
direction as shown 1n FIG. 1. I a 12x12 non-blocking switch
at 10 G 1s used, such a node 1s effectively a ROADM node
with full regeneration for pass-through channels.

As shown 1n FIG. 1, line card 110 also includes a second
interface 118, which 1s coupled to a tributary for add/drop
additional channel devices. As shown in FIG. 1, interface 118
1s coupled to a forward error correction (FEC) device 111, a
clock and data recovery (CDR) device 113, and an add/drop
interface device 119. In one embodiment, the add/drop nter-
tace device 119 1s configured to receive an electrical signal
from the clock and recovery device 113, convert the electrical
signal to an optical signal, and output the optical signal to one
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or more user channel devices which can be added or dropped
from the network. In FIG. 1, add/drop interface device 119
has the capacity to add or drop 12 channels o1 10 G each. Each
channel 1s corrected for transmission errors by an optical
transport processor with build-in forward error correction
(FEC) feature. In another embodiment, the add/drop interface
device 119 1s configured to receive an optical signal from a
user channel, convert the optical signal to an electrical signal,
and output the electrical signal to the clock and recovery
device 113. In a specific embodiment, the add/drop interface
device 119 may include a photonic integrated device (PID).

Similarly, line card 120 also includes a second interface
128 coupled to a tributary for add/drop additionally channel
devices. As shown in FIG. 1, line card 120 includes FEC 121,
CDR 123, and add/drop interface device 129, which function

in similar ways as FEC 111, CDR 112, and add/drop interface
device 119, respectively.

Although the above has been shown using a selected group
of components for the system 100, there can be many alter-
natives, modifications, and variations. For example, some of
the components may be expanded and/or combined. Other
components may be inserted to those noted above. Depending
upon the embodiment, the arrangement of components may
be interchanged with others replaced. Further details of these
components are found throughout the present specification
and more particularly below.

The photonic mntegrated devices (PID) 112 1s configured to
receive an optical signal from the line side or output an optical
signal to the line side. Additionally, the photonic integrated
device 112 1s configured to output or recetve a plurality of
clectrical signals for a plurality of channels respectively. The
plurality of channels corresponds to a plurality of wavelength
ranges for the received or outputted optical signal.

According to an embodiment, the photonic integrated
device 112 includes an arrayed waveguide grating device and
a plurality of transponders. For example, the arrayed
waveguide grating device 1s configured to recerve the optical
signal from the line side, demultiplex the receirved optical
signal, and output a plurality of optical signals corresponding
to the plurality of wavelength ranges. In another example, the
plurality of transponders 1s configured to receive the plurality
ol optical signals respectively and convert the plurality of
optical signals 1nto the plurality of electrical signals respec-
tively.

The clock and data recovery device 114 1s coupled to the
photonic integrated device 112. For example, the clock and
data recovery device 114 1s configured to recerve the plurality
of electric signals from the photonic integrated device 112. In
another example, the clock and data recovery device 114 1s
turther configured to recover a clock signal for each of the
plurality of electric signals and retime each of the plurality of
clectric signals according to the clock signal. In yet another
example, the clock and data recovery device 1s used for
receiving the electric signals and recovering clock and data
information associated with the electric signals.

The switch 116 1s coupled to the clock and data recovery
device 114 and the interfaces 117 and 118. In a specific
embodiment, the switch device 116 1s coupled to the clock
and data recovery device without an error correction device
coupled between the clock and error recovery device 114 and
the switch device 116. For example, the switch 116 1s coupled
to the clock and recovery device 114 without through any
torward error correction (FEC) device. For each of the plu-
rality of electrical signals, the switch 116 1s capable of direct-
ing the each of the plurality of electrical signals to one of the
one or more plugged channel devices through interface 118.
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The interface 118 1s configured to add or drop one or more
channel devices through the add/drop interface device 119.
The add/drop interface device 119 are configured to add or
drop one or more electrical signals for one or more channels
respectively. In one embodiment, each of the one or more
channel devices includes a forward error correction (FEC)
device. For example, in a specific embodiment, each of the
one or more channel devices can include one forward error
correction device (FEC) and other component or components
that do not include any forward error correction device. In
another example, the system 110 includes a parent card and a
child card for each of the one or more channel devices. Each
chuild card may include an FEC, a CDR, and a add/drop
interface. In one embodiment, the child card 1s known as a
daughter card. In another embodiment, the child card is
capable of being plugged into the parent card through the
interface 118.

As shown 1 FIG. 1 and described above, each optical-
clectrical-optical (OEQO) node, such as system 100, in the
networks becomes a fully regenerating ROADM/OXC node.
With clock and data recovery (CDR) circuits at both input and
output of 1ts O/FE interfaces, 1t 1s also a multi-channel, multi-
degree 3R regeneration umt. Therefore, each node 1s effec-
tively a digital optical add-drop cross-connect (DOADX).

Functionally, such a node 1s similar to an optical cross-
connect (OXC) node plus a ROADM node 1n all optical
networks, with the exception that the signals are now tull 3R
regenerated and hence are of much better quality. In compari-
son to the conventional ROADM/OXC node, a DOADX node
has significant advantages especially for metro/regional net-
works where flexibility and cost are the main concerns. By
deploying such a node, service providers can choose to add/
drop any channels, protect any channel 1n case it fails, and
route pass-through wavelengths to any output ports without
blocking. The latter two features are not available with the
conventional ROADM. In addition, the 3R regeneration
climinates the need of EDFAs 1n many metro/regional net-
works and therefore, simplifies considerably the network
management and engineering. Compared to an all-optical
link, the DOADX approach has other added advantages
including longer reach and simplified network engineering.

FIG. 2 1s a simplified diagram illustrating a performance
monitoring system for digital optical add-drop cross-connect
(DOADX) node according an embodiment of the present
invention. This diagram 1s merely an example, which should
not unduly limit the scope of the claims. One of ordinary skall
in the art would recognize many variations, alternatives, and
modifications. As shown, system 200 illustrates an approach
to configuring a regeneration/ROADM node using two
12-channel line cards, 210 and 220, as an example. Line cards
210 and 220 are similar to line cards 110 and 120 of FIG. 1,
respectively. Both 210 and 220 include photonic integrated
device (PID), a clock and data recovery (CDR) device, a
switch device, a first interface, and a second interface. The
operations of these functional units are similar to those cor-
responding functional units 1 FIG. 1 discussed above.

According to a specific embodiment, techniques are pro-
vided forusing a digital monitoring chip to detect the recerved
digital errors from all pass-through channels in a PID one-
by-one via time-division multiplexing (ITDM). In some
embodiments of the invention, the digital monitoring chip can
include error detection devices. In a specific embodiment, the
signals of all channels are of 1dentical FEC encoding frame.
In this embodiment, a forward error correction device (FEC)
can be used to decode the signals and provide error detection
capabilities. Examples of the error detection devices 1n the
digital monitoring chips are shown in FIG. 2 as a forward
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error correction device (FEC) 231 1n line card 210 and a
torward error correction device (FEC) 233 1n line card 220.

In FIG. 2, FEC 231 1s coupled to switch 216 via interface
port 234. In a specific embodiment, this additional port can be
obtained by using a (N+1)x(IN+1) switch coupled to PID 212,
where N 1s the number of channels. In the specific example of
FIG. 2, there are 12 channels, and N 1s equal to 12. In a
specific embodiment, the output of the port 234 is pro-
grammed to be a replica of one of the pass-through channels
via multicasting, which 1s a feature 1n cross-point switch 216
in a specific embodiment. The replica 1s then fed into the FEC
decoder 231 to determine the rate of errors accumulated over
the transmission from the add node and the results are
reported to optical power manager (OPM), which 1s a part of
the network management software suite (not shown). The
OPM 1s configured take proper actions, such as changing
decision threshold of the corresponding line-side recerver
according to an embodiment of the invention. Similarly, FEC
233 1s coupled to switch 226 via port 235 to provide digital
monitoring function in line card 220.

According to embodiments of the present invention, the
switches, e.g. 216 and 226, can be programmed to monitor
pass-through channels specified by users 1n any desired order.
In a specific embodiment, there are three basic modes of
operations for the digital performance monitor (PM) unit:
network bring-up mode, normal operation mode, and trouble-
shooting mode. More details about these modes of operations
are discussed below.

In the bring-up mode, the switch replicates the output of
one pass-through channel upon the request from OPM. This
channel 1s often the first one to be provisioned for service by
OPM. The switch lets the FEC monitor the error rate of the
channel continuously until 1t recerves a request otherwise.
During this time period, the corresponding line-side recerver
can adjust its decision threshold for the lowest bit error rate
(BER). Once the optimal threshold is reached, OPM will
request for a move to the next channel and repeat the process
until all recervers of the pass-through channels of the node are
optimized.

The normal operation mode 1s used when the optimization
of decision threshold 1s completed for all channels. Under this
condition, the bit error rate (BER) of each pass-through chan-
nel 1s monitored periodically via TDM with desired sampling
algorithms. The fastest sampling rate for 10 G channels with
FEC 1s determined by the length of an optical transport frame
1.e., OTU2 which has 130,560 bits or a length of 13.056 us
(see ITU G.709). This sampling rate 1s dependent of the
number of pass-through channels present. For a node with 10
pass-through channels at 10 G for example, the fastest sam-
pling rate per channel 1s 7.7 KHz. In reality, this rate often 1s
much lower due to the asynchronous nature of the cross-point
switch and a rate below 3.8 KHz 1s more likely.

The troubleshooting mode 1s deployed when errors of a
channel under monitoring exceeds a pre-defined threshold
level reported by any FEC encoder along the link including
the one at the drop node. Under this condition, the FEC
decoder 1s switched to the problem channel, measures the
error rate for an extended period of time, reports the results to
OPM, and switches back to its normal operation mode.

According to embodiments of the present invention, tech-
niques are provided for the decision point optimization of the
line-side recerver, digital performance momitoring at every
node, and a hardware platform for shared protection. These
features are generally either not available in conventional
technologies or are too costly to justity their deployments in
metro/regional networks. In contrast, the cost for implement-
ing the techmques provided by embodiments of the current
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invention 1s modest. In a specific embodiment, the cost
includes, for example, one FEC decoder per PID per direc-
tion.

In DOADX based networks such as shown in FIG. 2,
climinating FEC at the line side enables a more economic
implementation of the network. Introducing an error detec-
tion device, such as FEC 231, to an additional port 234 of
switch 216 provides capability for performance monitoring
for the pass-through channels. This capability allows the sys-
tem to optimize the decision point of the line-side receivers.
As a result, mix-n-match penalty of transponders can be
reduced 1n network engineering. This penalty can be as large
as 2 dB in the case where directly modulated lasers (DML) are
used, impacting network link budget. This monitoring capa-
bility also allows local 1dentification of performance degra-
dation of intermediate transponders, thus eliminating the
needs to measure the degradation at the drop side, complicat-
ing the troubleshooting procedures.

Another advantage of introducing FEC 231 1s that shared
protection can be implemented. Shared protection 1s a desired
feature inherent to 3R regeneration at every node. With shared
protection, local 1:N protection can be deployed for the failed
segment, leaving the rest of the network untouched for
improved bandwidth utilization. The additional FEC coupled
to the switch enables shared protection by providing the capa-
bility to monitor every channel 1n each 3R regeneration node.
Without the performance monitoring, if one channel at a node
fails, the entire link 1s squelched like 1n the case of an all-
optical link because the network 1s unable to locate the prob-
lem segment.

FIG. 3 1s a simplified diagram illustrating a performance
monitoring system for digital optical add-drop cross-connect
(DOADX) node according another embodiment of the
present invention. This diagram 1s merely an example, which
should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many variations,
alternatives, and modifications. As shown, a 48x48 cross-
point switch 316 1s used followed by a 12x1 switch 326. In a
specific embodiment, switch 316 generates 12 one-to-one
replicas of the 10 G pass-through channels via multicasting
and feed to the 12x1 switch 326 for time division multiplex-
ing (IDM) detection by an FEC decoder 331. Here, a forward
error correction device (FEC) can be used as an error detec-
tion device to decode the signals and provide error detection
capabilities. In this design, multicasting configuration 1is
static, whereas channel switching 1s dynamic, which may
increase the switching speed slightly. In alternative embodi-
ments, other designs are also possible to accomplish digital
performance monitoring tasks by replicating the output chan-
nels 1n a TDM fashion and detecting with an FEC decoder.

FIG. 4 1s a simplified diagram 1llustrating a method for
monitoring channel performance 1n a digital optical add-drop
cross-connect (DOADX) node according to an embodiment
ol the present invention. This diagram 1s merely an example,
which should not unduly limit the scope of the claims. One of
ordinary skill in the art would recognize many varations,
alternatives, and modifications. FIG. 4 shows an example of
TDM switching for 3 pass-through channels to be monitored
in the normal operation mode according to yet another
embodiment of the invention. Here the FEC decoder reads
channels 1, 2, and 3 sequentially and at each channel the
switch stays for a time period equal to 2 OTU2 frames (26.1
us for OTU2) to ensure the capture of one complete frame due
to the asynchronous nature of the switch. For comparison,
single-channel switching speed of a cross-point switch 1s
typically 20-30 ns, substantially shorter than an OTU2 frame.
The detected errors are then reported back to a monitoring
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system. An example of the monitoring system 1s discussed
below. In alternative embodiments, other switching orders
like random switching can also be used here.

FIG. § 1s a simplified diagram illustrating a digital perfor-
mance monitor (PM) system according an alternative
embodiment of the present invention. This diagram 1s merely
an example, which should not unduly limit the scope of the
claims. One of ordinary skill in the art would recognize many
variations, alternatives, and modifications. According to a
specific embodiment of the invention, each channel may use
different time slots based on their measured digital perfor-
mance. For channels whose reported errors are marginal, one
can measure more frames before switching to the next chan-
nel. In this case, one can assign each channel with a different
frame numbers to be monitored. For example, the digital PM
monitors one OTU2 frame for Channels 1 and 2 that have low
error rates and 3 OTU2 frames for Channel 3 due to 1ts higher
BER. In FIG. 5, the digital PM monitor system 300 includes
a microprocessor 501 coupled to a switch device 503 and an
FEC decoder 505. FEC decoder 505 1s also coupled to the
switch device 503. In this embodiment, the FEC decoder 1s
used as an error detection device to decode the signals and
provide error detection capabilities. In a specific example, the
microprocessor 501 1ssues 1nstructions to the switch 503
regarding which channel to monitor and the time slots dura-
tion for monitoring. The switch device 5303 sends electrical
signals from the selected channel to FEC decoder 505 for
monitoring. FEC decoder 505 then sends channel informa-
tion including BER and frame number to the microprocessor
501 for analysis. The bring-up and troubleshooting modes
can be considered as a variation from the example described
above. Of course, there can be other variations, modifications,
and alternatives.

Depending on the embodiments, the present invention
includes various features. These features may include the
following.

A single digital performance monitor (an error detection
device, e;g., an FEC decoder) 1s used to monitor via
TDM the digital performance of multichannel 3R regen-
eration transport devices;

A cross-point switch 1s used to deliver each of the multi-
channel signals to the digital monitor;

The cross-point switch 1s used 1n a multi-channel line card
to optimize the decision threshold of the corresponding
optical line-side receiver for improved link budget;

The performance momtoring via TDM offers a low cost
hardware platiform for shared equipment protection; and

Different modes of operation can be programmed for nor-
mal performance monitoring, network bring-up as well
as troubleshooting.

As shown, the above features may be in one or more of the
embodiments. These features are merely examples, which
should not unduly limit the scope of the claims herein. One of
ordinary skill in the art would recognize many variations,
modifications, and alternatives.

Many benefits are achieved by way of the present invention
over conventional techniques. For example, according to an
embodiment of the mvention, techniques are provided for a
simple, low-cost solution to digital performance monitoring
of multi-channel 3R regeneration unit, opening up the possi-
bility of commercializing DOADX for metro/regional trans-
port networks. In an embodiment, the bring-up mode pro-
vides a means to optimize line-side mterfaces for improved
link budget. Therefore, no mix-n-match penalty needs to be
considered in network engineering. In a specific embodiment,
the troubleshooting mode provides a hardware platform for
implementing shared protection 1n case of performance deg-
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radation due to span/hardware failures. Such a protection
mechanism can lead to a considerable increase in network
bandwidth utilization. According to embodiments of the
invention, implementation of these techniques 1n conjunction
with a cross-point switch, such as i1n the case of the DOADX,
requires only minimal additional hardware, such as a single
FEC decoder per PID per direction. In an embodiment, net-
work upgrade including the addition/removal of services
(channels) requires little extra hardware for digital PM. In
another embodiment, networks built with the current inven-
tion can be configured for plug-n-play with no/limited net-
work engineering. Additional power consumption from the
digital PM (1.e., a single FEC decoder) 1s low, on the order of
a few watts. Moreover, direct measurement of BER also pro-
vides higher reliability. Compared to optical PM devices such
as an optical spectral analyzer, embodiments of the current
invention have advantages in cost, compactness, power con-
sumption as well as reliability.

It 1s also understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereotf will be sug-
gested to persons skilled in the art and are to be included
within the spirit and purview of this application.

What 1s claimed 1s:

1. A system for performance monitoring for a DWDM
network, the system comprising:

a first photonic integrated device configured to receive a
first optical signal and output a first plurality of electrical
signals for a first plurality of channels respectively, the
first plurality of channels corresponding to a first plural-
ity of wavelength ranges associated with the first optical
signal;

a first clock and data recovery device configured to receive
the first plurality of electric signals and retime the first
plurality of electric signals;

a first switch device coupled to the first clock and data
recovery device without an error correction device
coupled between the first clock and error recovery
device and the first switch device:

a first interface 1n the first switch device, the first interface
being configured to output a second plurality of electri-
cal signals;

a second interface in the first switch device, the second
interface configured to add or drop one or more channel
devices;

an output port in the first switch device configured to pro-
vide information associated with one of the first plurality
of channels; and

an error detection device coupled to the output port, the
error detection device being configured to monitor and
report performance of the one of the first plurality of
channels.

2. The system of claim 1 wherein the output port 1s config-
ured to provide a replica of one of the first plurality of chan-
nels.

3. The system of claim 1 wherein the error detection device
coupled to the output port comprises a forward error correc-
tion decoder.

4. The system of claim 1 further comprising a second
switch device coupled to the output port and the error detec-
tion device, the second switch device being configured to
select one of the first plurality of channels.

5. The system of claim 1 wherein the error detection device
monitors the error rate of the channel continuously and allows
a corresponding line-side receiver to adjust 1ts decision
threshold for a lowest bit error rate.
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6. The system of claim 1 wherein the bit error rate (BER ) of
cach channel 1s monitored periodically via time division mul-

tiplexing.

7. The system of claim 6 wherein the error detection device
monitors the first plurality of channels sequentially, each of
the first plurality of channels being monitored for a time

period of 2 OTU2 frames.

8. The system of claim 1 further comprising a processor
coupled to the switch and the error detection device, the
processor being configured to 1ssue instructions to the switch
regarding channel selection and the time duration for moni-
toring.

9. The system of claim 1 wherein the first photonic inte-
grated device comprises:

an arrayed waveguide grating device configured to receive
the first optical signal, demultiplex the first optical sig-
nal, and output a plurality of optical signals correspond-
ing to the first plurality of wavelength ranges; and

a plurality of transponders configured to receive the plu-
rality of optical signals respectively and convert the plu-
rality of optical signals 1nto the first plurality of electri-

cal signals respectively.

10. The system of claim 1 wherein the first clock and data
recovery device 1s further configured to recover a clock signal
for each of the first plurality of electric signals and retime
cach of the first plurality of electric signals based on at least
information associated with the clock signal.

11. A method for performance monitoring for a DWDM
network, the method comprising:

receiving a first optical signal and outputting a first plural-
ity of electrical signals for a first plurality of channels
respectively, the first plurality of channels correspond-
ing to a first plurality of wavelength ranges associated
with the first optical signal;

receiving the first plurality of electric signals and recover-
ing clock and data timing information associated with
the first plurality of electric signals;

providing the recovered information associated with the
first plurality of electric signals to a first cross-point
switch device without error correction, the first cross-
point switch including a first interface configured to
output a second plurality of electrical signals to another
system, the first cross-point switch including a second
interface configured to add or drop one or more channel
devices;

causing the cross-point switch device to provide informa-
tion associated with one of the first plurality of electrical
signals; and
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using an error detection device to recetve information asso-
ciated with one of the first plurality of electrical signals
and to monitor and report performance of one of the first
plurality of channels.

12. The method of claim 11 wherein a photonic integrated
device 1s used for recerving the first optical signal and out-
putting the first plurality of electrical signals.

13. The method of claim 11 wherein a first clock and data
recovery device 1s used for recewving the first plurality of
clectric signals and recovering clock and data information
associated with the first plurality of electric signals.

14. The method of claim 11 wherein the error detection
device comprises a forward error correction decoder.

15. The method of claim 11 wherein the first cross-point
switch includes an output port configured to provide areplica
ol one of the electrical signals.

16. The method of claim 11 wherein the first cross-point
switch device further comprises a second switch device, the
second switch device being configured to select one of the
first plurality of channels for performance monitoring.

17. The method of claam 11 wherein the error detection
device monitors the error rate of the channel continuously and
allows the corresponding line-side receiver can adjust 1ts
decision threshold for a lowest bit error rate.

18. The method of claim 11 wherein the bit error rate
(BER) of each channel 1s monitored periodically via time
division multiplexing.

19. The method of claim 18 wherein the error detection
device monitors the first plurality of channels sequentially,
cach of the channels being monitored for a time period of 2
OTU2 frames.

20. The method of claim 11 further comprising using a
processor coupled to the cross-point switch device and to the
error detection device to provide mstructions regarding chan-
nel selection and the time duration for monitoring.

21. The method of claim 11 wherein the first photonic
integrated device comprises:

an arrayed waveguide grating device configured to receive

the first optical signal, demultiplex the first optical sig-
nal, and output a plurality of optical signals correspond-
ing to the first plurality of wavelength ranges; and

a plurality of transponders configured to receive the plu-

rality of optical signals respectively and convert the plu-
rality of optical signals into the first plurality of electri-
cal signals respectively.

22. The method of claim 11 wherein the first clock and data
recovery device 1s further configured to recover a clock signal
for each of the first plurality of electric signals and retime
cach of the first plurality of electric signals based on at least
information associated with the clock signal.
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